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  1.  Introduction 
    The problems on the relative amplitudes 
of the seismic waves reflected at  the earth's 
surface and the waves propagated directly 
from the focus of the earthquake have heen 
investigated by many seismologists (GUTEN-
BERG, 1929). Recently S. W. DANA (1945) 
expressed the amplitudes of certain waves 
reflected at the earth's core and of direct 
waves in terms of the horizontal and  vertical 
components of the displacement which is 
produced at the surface of the earth by them, 
when the depth of the focus of the earthquake 
is very shallow. S. T. MARTNER (1950) com-
pared DANA's results with many observational 
data. On the other hand, H.  M.MOONEY (1951) 
studied the energy content of the seismic 
waves P and pP from deep focus earthquakes. 
In all these studies, however, the assumption 
has been made that the energy of the seimic 
waves is emitted equally in all directions from 
the focus. According to the investigations on 
the distribution of the amplitudes of the sei-
smic waves, which hitherto have been develop-
ed in Japan, the energy can never be con-
sidered to leave the focus of the earthquake 
equally in all directions. 
    In the present paper, the authors intend 
to study the method to calculate the amplitude 
of the ground motion caused by the incident 
direct waves and certain waves reflected at the 
earth's surface or at the outer boundary of
DEEP
the earth's core, when unequal distribution of 
the energy of the seismic waves leaving the 
focus of deep earthquake is taken into account. 
The results computed theoretically in this way, 
will be compared with the observational data 
for some deep earthquakes occurred in the 
vicinity of  Japan. 
  2. Theoretical Computation of the Amp-
   litudes of P, S,  PP and ScS from  Deep 
 Earthquakes 
    In order to compute theoretically the 
amplitudes of the ground motion caused by the 
incident direct waves and the waves reflected 
at the earth's surface or at the  outer boundary 
of the earth's core, such as P, S, pP and  ScS, 
we must take into account, (i) the mechanism 
of the generation of the seismic waves at the 
focus of  ,the deep earthquake, (ii) the effects 
of the increasing of the velocity of the waves 
with the depth from the earth's surface, and 
(iii) the effects of the reflection of the waves 
at the earth's surface or at the outer boundary 
of the earth's core. 
    Let Ur,  ue and be the  r—,  0,— and  (p-
components of the amplitude of the displace-
ment of the seismic waves, the origin of the 
spherical coordinates r, 0,  <0 being taken at the 
focus. 
    According to the investigations of many 
deep earthquakes, the distribution of the am-
plitudes of the seismic waves emitted in the
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direction 0, co from the focus of 
quake, can generally be expressed 
(e.  g. HONDA, 1934 (a), (b), (c).) 
      ur—Ap1 sin 20 cos (0, 
 uo  As1cos  20  cos  (09, 
 1        14
,9--As  cos 0 sin  <0, 
where  Ap and  As are certain  con; 
propagated with the velocity of the 
waves and correspends to P, and 
  7r7r7r  0 — and ca= are  a  222 
for P. uo and  uco are propagate 
velocity of the transverse waves, 
pond to  0— and  G9— components  c 
tively. The values of  An and the 
depend on the magnitude of the 
(HONDA and  MIURA  , 1938). 
    When the values of the  const 
A, and the orientation of the 
spherical coordinates are determine 
observations of P or S at the  ear 
then the amplitudes of the  sei: 
emitted in any direction 0,  co  fron 
can be calculated by the formulae 
    If  Q denotes the epicentral c 
 0 the azimuth of a station to  tl 
respectively, the angle  0 which the 
of the waves arriving at the  st 
with the  vertical drawn upward at 
center is obtained as, 
   sin 0 =RR R vocos  ell, 
    — 
             dT  
 cos  eo  vo  dii  -, 
where R is the radius of the earth, 
depth of the focus, eu the angle of 
of the waves at the point of an 
earth's surface, and  vu and  vh, the  1 
the waves at the earth's surface 
focus respectively. T is the travel  1 
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    The distance factor f, which represents 
the diminution of the amplitude of the seismic 
waves with the distance from the  hypocenter, 
 i  nstead of 1/r in (1), has been expressed as 
follows, 
             sin c/0  
 f=P„v„ ,8/ 2                                        •.•(3)     'V Po  vo R sin sin eochi' 
where  Po and  Ph, are the density of the earth's 
crust at the earth's surface and at the focus 
respectively. In deriving (3), it is assumed that 
no appreciable discontinuities exist in the 
mantle of the earth, and that the periods of 
the waves are not changed seriously during the 
propagation, and the term of absorption is left 
out of account.  Po is supposed to be nearly 
equal to.   Pit. The values of f calculated for P, 
for the focal depth H; 80, 200, 320, 400 and 
500 km, and for the epicentral distance less 
than 4,000 km, are given in the table 1, where 
the calculation is based on the time distance 
tables of K. WADATI and others (WADATI, 
 SAGISAKA and MASUDA, 1933. WADATI and 
 MASUDA, 1933). 
        Table 1. f  (10-5  km-') for P.
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    The coefficients of the reflection of the 
seismic waves at the earth's surface have been
146 H. HONDA AND H.  ITC.)
given by B. GUTENBERG and others. In our 
present investigation, the values obtained by 
T.  MATUZAWA (1932) and M. MORITA (1944) 
are used. The tables of the coefficients of the 
reflection and the refraction of the seismic 
waves at the outer boundary of the earth's 
core, which had been presented by H. HONDA, 
M. KIZIMA and K. KUBOTA (1934), were newly 
completed by the aid of H. WATANABE. The 
density of the mantle in the vicinity of the 
core is taken as 6.0 g/cc, and that of the core 
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              Figure 1 (a). 
    Incident P in the Mantle against the Core. 
    1. Relative Amplitude of the Reflected P. 
    2. Relative Amplitude of the Reflected S. (SV). 
    3. Relative Amplitude of the Refracted P. 
The velocity of P in the mantle is taken as 
13.0  km/sec, and that of S as 7.25 km/sec. 
The velocity of P within the boundary of the 
core is taken as 8.5  km/sec, and it is assumed 
that the core is liquid in the sense that it does 
not transmit S. The relative amplitude of the 
reflected and the refracted waves to that of 
the incident waves is shown in the  figure 1, 
where SV designates the type of S whose 
direction of vibration is in the plane of inci-
dence. The  SI-1 type  ,of S, whose direction of
>.<
3
vibration is perpendicular to the plane of  inci-
dence, is reflected totally at the core. S. W. 
DANA (1944) obtained the square root of the 
relative energy in nearly the analogous case as 
 ours. 
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           Figure  1 (b). 
 Incident S  (SV) in the Mantle against the Core. 
 1. Relative  Amplitude of the Reflected P. 
 2. Relative Amplitude of the Reflected S. (SV). 
 3. Relative Amplitude of the Refracted P.
•-)
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 3. The Deep Earthquake Occurred on April 
   21, 1939 in the Northern Part of Japan 
   Sea 
    A remarkable deep earthquake occurred 
at about  4"291'1 (G. M. T.) on  April 21, 1939, 
in the northern part of Japan Sea. The 
epicenter is located at about 1400 12'  E and 
470 36' N, and the focal depth is estimated to 
be about 530 km. The time-distance relation 
for P ScS is shown in the figure 2, where 
the thick curves are drafted after the time-
tables given by K. WADATI and K. MASUDA 
(1934) for the focal depth H; 450, 500 and 530 
km, and the broken curves after those by B. 
GUTENBERG and C. F. RICHTER (1937) for H; 
500 and 600  km,
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                  Figure 2. 
       Time-distance Relationfor P  ScS. 
    As  ScS was recorded very distinctly at 
many stations in Japan, we will investigate the 
mechanism of the earthquake, and study espe-
cially  ScS and elucidate the nature of the 
earth's core.
;200,1.1.: 
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                Figure 4. 
Horizontal Component of the
0  500  KM
Initial Motion of S.
 0  500Kin
                   Figure 3. 
  Horizontal Component of the Initial Motion of P. 
    The horizontal components of the initial 
motions of P, S and ScS are shown is the 
table 2 and the  figures 3, 4 and 5 respectively. 
In order to explain the distribution of these
  loiu 1 
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                 Figure 5. 
Horizontal Component of the Initial Motion of ScS.
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motions simultaneously by the known typical 
model of the mechanism of deep earthquake, 
we suppose that the polar axis OQ of the small 
model sphere representing the mechanism, to 
lie in the vertical plane N 88°  E passing throu-
gh the epicenter, and that the angle between 
OQ and the vertical direction  OE to be a 60. 
The great circle of the sphere which is the 
equator with respect to Q and another one 
which makes the angle  i3 60° with EQ at Q, 
are considered to correspond to the nodal 
planes for P respectively (Figure 6). Between 
                        Table 2. Initial Motion of
the spherical  coordi 
 on the model sphere 
when  OE is taken 
 as the plosr axis, 
and 0,  co of the 
same point when 
 OQ is taken as the 
polar axis, as are 
 shown in the figure 
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sin  0 
sin 0
=  cos  e  cos a  sin  0 sin a cos 0 , 
 sina`—  ,9+  sin  cb 
 sin  0  =
  (4)
    For the seismic ray of the waves arriving 
at any station, 0 is equal to the azimuth of 
the station to the epicenter measured from the 
direction N 88° E at the epicenter, and  0 is the 
angle which the ray makes with the vertical 
drawn upwards at the hypocenter. 0 is me-
asured from the axis OQ, and  o is measured 
from QV, which is perpendicular to the nodal 
plane passing through Q.
             ON THE REFLECTED WAVES FROM 
    The epicentral distance  d,  0,  0, 0,  ro and
 cb for P for some stations are given in table 3. 
The table will be used also for the theoretical 
calculation of  S, as the path of P may be con-
sidered to be nearly the same to that of S. 
              Table 3. P, S.
DEEP FOCUS EARTHQUAKES 
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    The total amplitude of the initial motion 
of P to be observed at the earth's surface is 
expressed by 
     -2  Ap f sin 20 cos  49,   (5) 
as it is twice that of the incident P. The 
negative sign is taken here to make the calcula-
ted results consistent with those observed. 
Comparing the values  catCulated according to 
(5) for some stations near the epicenter with 
those actually observed,  Ap is estimated to be 
of the order of  An = 5 x  105  cm2 as is shown 
in the table 4. The nodal lines of P calculated 
theoretically are drawn in the  figure 3. They 
may be considered not to contradict with the 
distribution of the initial motions of P. 
                          Table 5. S. HI orizontal
    The 0- and components of the ampli-
tudes of S emitted in the direction  0,  w from 
the hypocenter, are proportional to 
 uo  =  cos  20  cos  r, 
 ze,=  cos  0  sin  49   (6) 
respectively, The sign (-) is attached to each 
of these expressions, similary as in the case 
of P. The  0- and 0- components of these 
waves are 
 u9 = uo cos cb  +  u‘, sin  0, 
 ucr, =  uo sin  cl)  uv cos  tb,   (7) 
where  cl) is the angle ESQ, as shown in  figure 
7.  Ito is the SH-, and  uo the SV- component of 
S respectively. The amplitude of the horizontal 
motion of the earth's surface is just twice that 
of the incident and U times that of the 
incident  u9, where U has been calculated e. g. 
by T. MATUZAWA (1932). The radial and the 
transverse horizontal components of the am-
plitudes of the ground motion, with respect to 
the epicenter due to the incident S, can be 
expressed as follows; 
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150  H. HONDA 
    The results calculated according to (8) 
are shown in the figure 4 and the table 5, 
 AR being taken as  AS 14.7 x  10'  cm'. The 
distribution of the initial motions of S cal-
culated theoretically coincides pretty well with 
that observed. In this way, IL is seen to be 
about 15 x  105  cm'. 
    The initial motions of  S0S are generally 
directed southeast as are shown in the figure 
5.  If the ray of S emitted downward from the 
hypocenter makes the angle  ec with the outer 
boundary of the earth's core, and ru is the 
radius of the core, there exists following re-
lation; 
       R    cos e
c  —-v, cos  eo,  •'•••• (9)  Vu 
where  v, is the velocity of S at the outside of 
the core. The angles  io  = 90°  —  e0,  ih  —  90°—  0, 
 is  =  90°  —  e, as are shown in the figure 8, and 
the distance-factor f for SeS, the focal depth 
being assumed to be 500 km, are calculated 
basing on the time-distance tables of K. 
WADATI and K. MASUDA  (1934), and some of 
the results are shown in the table 6 (a), (b). 
 Earth's si ._                                  "f/
_3((?c
o 
   Ippr      Hypoceite,                                  1), 
 A 
                   Figure  8.
                              Table 6. (b).
AND  H.  ITO
    When we assume that the earth's core is 
liquid, the  2‘.1,- component of  ScS is reflected 
totally, and the ratio q of the amplitude of the 
 reflected S V-component to that of the incident 
   at the core, can be obtained from the figure 
1  (b). The radial and the transverse compo-
nents of the horizontal motion of  ScS to be 
observed at any station are expressed as 
follows; 
 (ScS), =  —AeU-q.fuo, 
 (ScS),D =  Ae2fiucp,   (10) 
where the sign (-1) is taken in the expression of 
 (ScS),, the effect of reflection at the core and 
the positive direction of  (ScS), being taken 
into account. Now,  A2 being taken provisionally 
as 9.4  X  105  cm', the results of the calculation 
according to the formula (10) are given in the 
table 6 (b), (c), and the figure 5. The amp-
litude and especially the direction of the 
horizontal component of the initial motion of 
ScS calculated theoretically, are  seen to be 
coincident very well with those observed. 
       Table 6. (a).  ScS.  (H 500km)
 A io
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 —9.6  8.6
Sendai  175 89 120 144  86 —6.1 —8 .1 5.7
Wazima 174 107 122 137 109 —8.7 —4 .1 4.1
 Kahu 173 98 120 142 94 —4.8  —8.4  4.5
Kameyama 173 106 122 142 102  —4 .2  —8 .4 3.9
 Kati 172 114 124 141 109  —3.7  —7.6  3.5
 TaikY4 172 132 126 142 128 —2.2 —8.0 2.1
 Miyazaki 171 118 124 141 113  —3.0  —7.8 2.8
Naze 170 118 124 140 112  --2 .9  —7.4 2.7
Miyakozitna 168  125 126 138 118  —2.6  —6.9 2.4
 (ScS), 
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    The value of  A, = 9 x  105cm', obtained to 
explain the amplitude of the initial motion of 
ScS is about 60  % of that  As  —  15  x  105  cm' 
already got from the investigation of S. The 
difference of such order of magnitude may be 
caused by the ambiguity of the orientation of 
the axes of the model sphere, expressing the 
mechanism of the earthquake, and other various 
causes. If we suppose that the core to be solid 
and the velocity of S just inside the outer 
boundary of the core to be 5.0 km/sec., the 
amplitude of the reflected S is about 5  % of 
that of the incident S, when the incident angle 
is  small. (HONDA, 1934). And to explain the 
amplitude of the observed ScS, we must put 
 As = 180 x 105cm2, which is very large as 
compared with 15  X  105cm2 obtained from S. 
Therefore, it seems to be far more reasonable 
to suppose that the core is liquid than to 
suppose that the core is  solid. The conclusion 
that the core should be considered to be liquid 
is the same as that already obtained by one of 
us in previous investigations of ScS of the 
deep earthquake occurred in Japan  Sea on 
November 13, 1932 (HONDA, 1934), and of the 
deep earthquake occurred in the sea WNW off 
the Island Yaku on December 1,  1936 (HONDA 
and HASAYA, 1940). The constant to represent 
the amplitude of  ScS was compared with  Ap 
in those former researches, whereas it is  com-
pared directly with  As itself in our present 
investigaion.
 4. The Deep  Earthquake Occurred on Feb-
   ruary 20, 1931, in the Maritime Province 
   of Siberia 
    A very remarkable deep earthquake cccur-
red at about  5"34"' (G. M. T.) on February 
20, 1931, in the Maritime  Province of Siberia, 
at about 300 km N.  E. of Vladivostock. The 
earthquake was investigated by F. J.  SCRASE 
(1933), K. WADATI  .and T. ISIKAWA (1933), 
H. KAWASUMI and R. YOSIYAMA (1934, a) and 
H.  ITO (1940). H.  KAWASTJMI and R.  YOSI-
YAMA (1934, b) and H. KAWASUMI (1939) 
showed the distribution of the initial motions 
of various phases of the  seismic waves of the 
earthquake, calculated theoretically and obser-
ved, in several figures in their  preliminary 
reports. In the present paper, we will try to 
investigate the relative magnitude of P, pP, S 
and ScS of the earthquake recorded at Stutt-
gart, Kew and Buffalo, whose  seismograms are 
given in F.  J. SCRASE'S paper. 
    The epicenter of the earthquake is taken 
to be located at 135°.7 E and 44°.5 N, and the 
depth of the focus as 320 km. 
    The distributions of the horizontal com-
ponents of the initial motions of P and S 
are shown in the figures  9 and 10, respectively. 
Let us suppose that the polar axis of the small 
model sphere representing the mechanism,of - 
the earthquake, to be inclined 50° to the 
vertical drawn upward, in the vertical plane 
N 79°  E passing through the hypocenter, and 
that the same vertical plane and the equatorial
152  H. HONDA
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                  Figure 9. 
   Horizontal Component of the Initial Motion of P. 
plane of the sphere with respect to the polar 
axis be the  nodal planes for P,  and that  A, 
 18  x  103cm' and  As = 14  x  105cm2. The results 
calculated quite similarly as in foregoing article, 
are consistent with those observed, as are 
shown in the figures 9 and 10, in which the 
nodal lines are drafted as the results of cal-
culation. We will extend our investigation on 
the seismic waves observed near the  epicenter, 
to P, pP, S and ScS recorded at distant sta-
tions such as Stuttgart, Kew and Buffalo. The 
epicentral distance and the azimuth of each of 
these stations are shown in the table 7. The 
motion of the seismic waves at Kew may be 
considered to be approximately equal to that 
                                        Table 8.
                       
" 
 one
^ 4,                  
r ....  1 
. .-• '''' , ,> 
 dr
                Figure 10. 
  Horizontal  Comnonent of the Initial Motion of 
at Stuttgart, as the distance between 
stations is pretty small compared with 
epicentral distances. 













N  33° W 
N  26° W 
 N  25'  E
    The results of the calculation are given 
in the table 8, where U and W are the ratios 
of the amplitude of the horizontal and the ver-
tical ground motion to those of the incident 
waves, respectively.  Fp is the ratio of the 
(a).
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amplitude of the reflected P to that of the Table 9. 
incident P at the earth's surface. ScS which 
arrives at Stuttgartis reflected totally at the Station Com-    pP/PScS/S 
 
1outer boundary of the th's core, forthe ponent Obs. Theoret. Obs.Theoret. 
incident angle becomes about 73° there. The Stuttgart N1.02 0.55                                                                                          0.78 0.51                                          I                                                        E 1.19 0.57  0  58 0.39 
azimuth of the epicenter to Stuttgart is N  36° Z 0.95  0.55 0.47 0.33 
                                 Kew Z  0  87 (0.55) E
, and the horizontal components of the sei- Buffalo Z 2.60 2.03 
smic motions at Stuttgart are resolved into the 
north and the east components.  . The direction and the relative magnidude 
     Table 8. (b). P.  (10-5km-1)                                          of the initial motions of  P, pP, S and ScS cal- 
                                         culated theoretically for Stuttgart, the ratio 
 U-f(07?)  A 8/  Ap being assumed to be 14/18, are represen- Station U1-(0,p)  W.f.  (VP) 
                 N--comp. E-comp. ted in the figure 11. They are consistent pretty 
Stuttgart -3.6 2.9 2.1 -11.6 well with those to be seen in the  seismo-
Buffalo - 4.0 
                                            grams reproduced roughly in the same figure.  (
0,0 = -sin  2o cos 
                                       >>>  i. 
    Table 8. (c). pP.  (10-5km-1)                                                                       ---i0.1,ne,-,,,,,..,,,A,),,,,,...,,q^,,,,,,,„,,,A  _1\l'AiNa 
    II-Fpf-  U.F1,--r(a ,P) 117.Fpf1  1  Station       x (66"P) N-comp.  E-comp.  x  (°'?)  S  E                                                                    --),V-1,-,V,A,,,,,,,,, -.-A,,,Ax‘V\-\Afr--tw,,A-'7 th'l ,lr. Stuttgart -2.0 1.6 1.2 -6.4 
                          t Buffalo -8.1 
 P  pP  5  -SS 
 Table 8. (d). Stuttgart.  (10-5km-1)  tTillifj  Z 
 ,,..---.‘-.)Aftwv...,,,..,----...-JrAr„...., 
 ?IDSPhaselq)U1-1492f.u,pN-complE-comp. Wy-ua 
                    ' 
 S 87 10.5  0.6  -8.1 -6.7 -3.3 
                                  N ScS 94 4.8-0.3 -4.1 -2.6-1.1. A. 
.
 II 
   The ratios pP/P of the double trace  am-
plitudes of pP to those of P as recorded at  I  •
tuttgartI—2.0 .6
uffalo
 .   —6.4
 —8.1
litudes    se   rded 
Stuttgart, Kew and Buffalo are given in the 
table 9, with the theoretical values obtained 
for the initial motions of the corresponding 
waves, the double trace amplitude being su-
pposed to be proportional to the amplitude of 
the initial motion. The ratios ScS/S of the 
double trace amplitudes of ScS to those of S 
as recorded at Stuttgart are near to those 
calculated theoretically for the initial motions 
of these waves.
 Z  -
 f  P  
pP 
                 Figure  II. 
The Seismograms recorded at 
Initial Motion of  P, pP, S and 
 reticall v.
   S  SCS 
Stuttgart, and the 
ScS calculated  theo-
1S4  H.  HONDA  AND H.  1T3 
 5. Summary ed. And it was concluded that the earth's 
    The main results of the present investi-                                             core should be considered to be liquid.
gation are summarized as follows.                                         (iii) The initial motions of P and S recorded 
(i) The methods to be used for the theoretical-near the epicenter of the deep earthquake 
 calculation of the initial motions of theoccurred on February 20, 1931, in the 
  directwaves as well as the reflected  waves,Maritime Province of Siberia were investi- 
  such as  P, pP, S and ScS were described.                                            gated. And the initial motions of P, pP, S 
(ii) The initial motions of P, S and ScS re-                                             and ScS calculated theoretically for Stutt- 
  corded near the epicenter of the deep earth-                                             gart, Kew and Buffalo were compared with 
  quake occurred on April 21,  1939 in the                                                those observed. 
  northern part of Japan Sea, were investigat-
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